Hepatitis C virus (HCV) exhibits a high genetic diversity and is classified into 6 genotypes, which are further divided into 66 subtypes. Current sequencing strategies require prior knowledge of the HCV genotype and subtype for efficient amplification, making it difficult to sequence samples with a rare or unknown genotype and/or subtype. Here, we describe a subtype-independent full-genome sequencing assay based on a random amplification strategy coupled with next-generation sequencing. HCV genomes from 17 patient samples with both common subtypes (1a, 1b, 2a, 2b, and 3a) and rare subtypes (2c, 2j, 3i, 4a, 4d, 5a, 6a, 6e, and 6j) were successfully sequenced. On average, 3.7 million reads were generated per sample, with 15% showing HCV specificity. The assembled consensus sequences covered 99.3% to 100% of the HCV coding region, and the average coverage was 6,070 reads/position. The accuracy of the generated consensus sequence was estimated to be >99% based on results from in vitro HCV replicon amplification, with the same extrapolated amount of input RNA molecules as that for the patient samples. Taken together, the HCV genomes from 17 patient samples were successfully sequenced, including samples with subtypes that have limited sequence information. This method has the potential to sequence any HCV patient sample, independent of genotype or subtype. It may be especially useful in confounding cases, like those with rare subtypes, intergenotypic recombination, or multiple genotype infections, and may allow greater insight into HCV evolution, its genetic diversity, and drug resistance development.
H
epatitis C virus (HCV) is characterized by a high genetic diversity and is classified into Ն6 genotypes. Genotypes 1 to 6 have been isolated from multiple patients and are further divided into 66 subtypes (1) . At the genotype and subtype levels, HCV exhibits nucleotide sequence divergence rates of approximately 30 and 20%, respectively (2) . The pronounced genetic diversity of HCV is a result of both an accumulation of mutations due to a high error rate of its viral RNA-dependent RNA polymerase (RdRp) and the long-term association of the virus with the human population (3) . Furthermore, intra-and intergenotypic recombinant HCV strains have been described (4) (5) (6) . Accurate genotyping and subtyping of HCV are important, since current treatment strategies are genotype dependent (7) . The standard method for genotyping and subtyping of HCV is the INNO-LiPA, which targets the highly conserved 5= untranslated region (UTR) and core region of the virus using genotype-and subtype-specific probes. For rare HCV genotypes and subtypes, INNO-LiPA is sometimes unable to fully resolve the subtype, and refinement by population Sanger sequencing may be needed. During HCV drug development, sequencing strategies are essential to provide insight into viral genetic changes in response to antiviral drug pressure. The most common sequencing methods are population Sanger sequencing and deep sequencing of the drug target gene. Both of these methods require amplification of the gene of interest using genotype-or subtype-specific primers prior to sequencing (8) . To increase the understanding of genetic variation and potential drug resistance-associated variants (RAVs) outside drug-targeted genes, approaches to sequencing of the whole HCV genome are warranted. Two different kinds of approaches have been described thus far. The first one involves the amplification of overlapping regions using gene-specific primers coupled with either Sanger sequencing or next-generation sequencing (9) (10) (11) (12) (13) . This method enables efficient sequencing of known genotypes and subtypes. However, the enormous genetic diversity of HCV renders this method less useful for sequencing rare or unknown HCV subtypes and genotypes. In addition, the amplification of the viral population might be skewed by the use of genotype-specific primers due to primer misalignment to particular viral variants. The second method for sequencing the whole HCV genome involves a metagenomic sequencing approach known as RNA sequencing (RNASeq) to sequence the total RNA in a sample. Ninomiya et al. (14) demonstrated successful sequencing of HCV from two clinical samples using RNA-Seq technology. However, the human background was high, with only about 0.01% of the 15 to 94 million reads generated per sample being HCV specific. Moreover, the generated HCV genomes were missing parts of 5= UTR, core, and E2. In a recent study by Malbeouf et al. (15) , a novel sequenceindependent RNA amplification method, the NuGEN Ovation RNA-Seq system, coupled with next-generation sequencing was used for capturing complete protein-coding regions of HIV, respiratory syncytial virus, and West Nile virus (15) . In this study, we evaluated a similar method described by Malbeouf et al. (15) for sequencing of the full-length HCV genome from HCV replicon transcripts as well as 17 patient samples with both common and rare genotypes and subtypes. This method has the potential to allow an analysis of HCV evolution and variability along the entire genome for any genotype and subtype, providing important information on viral variants that might impact clinical and therapeutic outcomes.
MATERIALS AND METHODS
RNA transcripts from HCV plasmids. RNA transcripts were generated from two HCV genotype 2a plasmids (2a-RlucNeo) containing the nonstructural 5B protein (NS5B) as either the wild type or with the S282T substitution, using the T7 RiboMAX Express large-scale RNA production system (Promega), according to the manufacturer's instructions. RNA transcripts were purified using the RNeasy minikit (Qiagen), according to the manufacturer's instructions. RNA concentration was measured on a NanoDrop spectrophotometer (NanoDrop Technologies), and a mixture of 90% wild-type RNA transcript and 10% S282T RNA transcript was generated. The RNA mixture was prepared as 10-fold serial dilutions to generate six different RNA input molecules per reaction, 10 8 (500 pg), 10 7 (50 pg), 10 6 (5 pg), 10 5 (500 fg), 10 4 (50 fg), and 10 3 (5 fg), and was amplified and sequenced as described below.
Clinical samples. All patients included in the Gilead phase II/III clinical trials described in this study provided informed consent in writing, and the study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki, as reflected in a priori approval by the appropriate institutional review committee.
Genotyping of clinical HCV samples. Clinical samples in phase II/III studies for sofosbuvir (GS-US-334-0110, GS-US-334-0108, GS-US-334-0107, P7977-1231, and P7977-0523) were genotyped using the Siemens Versant HCV genotype INNO-LiPA 2.0 (Innogenetics, Ghent, Belgium), and the NS5B gene was amplified and sequenced by DDL (DDL Diagnostic Laboratory, Rijswijk, The Netherlands). Viral load was measured using the Cobas AmpliPrep/Cobas TaqMan HCV test, version 2.0 (Roche Molecular Systems). Seventeen patient samples with HCV genotypes 1 to 6 were selected and subjected to full-length HCV genome sequencing.
RNA isolation from clinical samples. Plasma samples were thawed and centrifuged at 3,600 rpm for 10 min at 4°C to remove cellular debris. HCV RNA was isolated from 200 l of plasma using the QIAamp MinElute virus spin kit (Qiagen), as per the manufacturer's instructions. Instead of the carrier RNA provided in the kit, 50 g of linear acrylamide (Life Technologies) was used as a carrier. HCV RNA was eluted with 20 l of nuclease-free water. The extracted RNA was treated with Turbo DNase (Life Technologies), using the manufacturer's instructions to remove DNA from the sample. Finally, RNA was aliquoted and stored at Ϫ80°C until used.
Full-length HCV genome amplification and sequencing. RNA was reverse transcribed and amplified using the Ovation RNA-Seq V2 system (NuGEN, San Carlos, CA). Briefly, cDNA was generated by reverse transcriptase that extended random hexamers hybridizing across the genome. Double-stranded DNA (dsDNA) was generated and amplified using single-primer isothermal linear amplification (SPIA) (16) . The manufacturer's protocol was modified in the following ways: to remove RNA secondary structures present in the HCV genome, cDNA synthesis was performed at 52°C for 20 min. For amplification cleanup, dsDNA was purified using s 1:1.4 volume ratio of dsDNA and AMPure RNAclean beads. The final amplified product was purified using a 1:0.8 volume ratio of product and AMPure XP beads (Beckman Coulter Genomics, Danvers, MA), as described previously (15) . The purified products were eluted in 30 l of Tris-EDTA (TE) buffer and stored at Ϫ20°C. The quality and concentration of amplified products were assessed by Bioanalyzer (Agilent Technologies) and NanoDrop (Thermo Scientific) measurements. The amplified products were fragmented using the Covaris system (Woburn, MA), and paired-end indexed libraries were created for each sample using Ovation Ultralow DR multiplex systems (NuGEN), according to the manufacturer's instructions. The indexed libraries were subjected to Illumina MiSeq deep sequencing using the MiSeq reagent 300-cycle kit and bidirectional sequencing of 150 bp. The libraries for the RNA transcripts and the patient samples were sequenced in pools of 24 and 8 samples, respectively. Library preparation, multiplexing, and deep sequencing were performed at Centrillion Biosciences (Palo Alto, CA).
Full-length HCV genome sequencing data analysis. Contigs were generated de novo for each sample using Vicuna (Broad Institute, Inc.) (17) . The generated contigs were aligned to a subtype-specific reference using MOSAIK version 1.1.0017 (18) and merged to generate a draft fullgenome assembly. If the aligned contigs disagreed at a particular locus, the most frequent nucleotide was used. If all contigs had a deletion at a locus or if no contigs covered a locus, the corresponding reference base was used. The subtype-specific reference was selected based on the results of INNO-LiPA and/or NS5B genotyping for each sample.
In order to iteratively refine the draft assembly, reads were aligned to this draft assembly, and a consensus sequence was generated based on the alignments. If more than one nucleotide occurred at Ͼ15%, the appropriate mixture was used. Regions that lacked coverage were replaced with the corresponding reference region. This was repeated a total of three times to produce the final full-genome assembly.
Raw reads from the FASTQ files were trimmed and filtered based on quality score and length. Trimming was done on reads when the quality score decreased to Ͻ15, and reads Ͻ50 nucleotides after trimming were removed. The trimmed reads were aligned to the final assembly sequence to generate a final consensus sequence. A cutoff of 10 reads per position was used to generate the consensus sequence. Insertions and deletions (indels) were reported from reads for which the indel(s) did not result in a frameshift and when present in Ͼ50% of the viral population. Nucleotide mixtures were reported in the consensus when present at Ͼ15% of the viral population. For the noncoding regions, the 5= UTR and the 3= UTR, possible indels were manually investigated by studying the alignments of the raw reads for these regions.
To obtain a relative sequence length of the generated consensus sequences, they were compared to the HCV 1a strain H77 reference genome (GenBank accession no. AF009606).
Genetic variability across the HCV genome. The background variation introduced during amplification and sequencing was estimated from the in vitro-transcribed RNA samples. We defined variation as the percent composition of all but the most prevalent nucleotide or amino acid at each position using the trimmed and filtered reads. The average variation and a 95% confidence interval were calculated for each of the in vitro-transcribed RNA samples.
Intrahost nucleotide and amino acid variation across the HCV genome for the patient samples were evaluated the same way. For both the in vitro-transcribed RNA samples and the patient samples, the percent variation per position was plotted for each sample.
Resistance-associated variants. The presence of potential resistanceassociated variants (RAVs) in NS3, NS5A, and NS5B were evaluated in the produced full-genome sequences from the samples from these 17 patients. The following changes from the genotype 1a reference (H77) were investigated: NS3 position 36any, 43any, 54any, 55any, 80any, 122R, 155any, 156any, 168any, 170A/L/T, and 175L; NS5A positions 24G/N/R, 28A/ G/T, 30any, 31any, 32L, 38F, 58D, 92K/T, and 93any; and NS5B positions 96any, 142T, 159any, 282any, 289any, 316any, 320any, 321any, 390I, 414I/T/V, 415Y, 419any, 422K, 423any, 445F, 448any, 452any, 482any, 486any, 494A, 495any, 496S, 499A, 554S, 556G, and 559G.
Determination of taxonomic group of unaligned reads. To determine the taxonomic group of the unaligned reads and possible presence of unexpected HCV genotypes, analysis was conducted using the NCBI BLAST 2.2.28 (19) . A random subset of 50,000 of reads that did not align to HCV from each sample was aligned to the NCBI nucleotide (nt) database. The BLAST output was sorted into taxonomic groups using a script.
Phylogenetic analysis of full-length HCV genome sequences. The generated full-genome sequences were aligned using Clustal W (20) . In addition, to study the genetic similarity of these sequences to previously described full-length sequences, the 5 most genetically similar sequences for each the full-length sequence of each sample were included in the alignment, as determined by nucleotide BLAST (http://blast.ncbi.nlm.nih .gov/Blast.cgi). The alignment was cut into E1/E2, NS3/4A, NS5A, and NS5B genes. Neighbor-joining phylogenetic trees were inferred in MEGA 5.2 (21) using the Tajima-Nei model and gamma-distributed rates among sites (␣ ϭ 0.5). The confidence of the branches was assessed by the bootstrap test using 500 replicates. The phylogenetic trees were visualized using FigTree version 1.3.1 (http://tree.bio.ed.ac.uk/).
Nucleotide sequence accession numbers. All consensus genomes were submitted to the NCBI GenBank database (accession no. KM587614 to KM587630).
RESULTS
Full-genome sequencing of in vitro-transcribed HCV RNA. To assess the accuracy and detection of 10% S282T of the full-length HCV genome sequencing assay, amplification and sequencing were performed on in vitro-transcribed RNA samples. RNA transcripts from 2a replicons, wild-type, and the NS5B S282T mutant were used with six different RNA input molecules per reaction: 10 8 (500 pg), 10 7 (50 pg), 10 6 (5 pg), 10 5 (500 fg), 10 4 (50 fg), and 10 3 (5 fg). Each sample was spiked with the 10% S282T variant. In parallel, a no-template control (NTC) sample containing water instead of RNA template was amplified and sequenced. The samples were amplified using the NuGEN Ovation RNA-Seq system, and all amplification reactions generated sufficient final product to make Illumina libraries and subsequent sequencing on the MiSeq platform. On average, 653,935 reads were generated per sample, of which 63.5% of the reads were aligned to the 2aRluc-Neo reference sequence ( Table 1 ). The reads were assembled de novo, and a consensus sequence was generated for each sample. A complete consensus sequence of the 2aRlucNeo coding region (8,474 nucleotides) was generated for 5 of 6 samples. In the sample with the lowest number of RNA input molecules per reaction (10 3 ), the generated consensus sequence spanned 96% of the coding region. The average coverage for the six samples ranged from 2,091 to 27,462 reads per position (Table 1 and Fig. 1A ). Of the Ͼ1 million reads generated for the NTC sample, 0.03% were specific to the 2aRlucNeo. These reads originated from cross talk between samples and were most likely due to errors introduced in the sample-specific barcodes. The non-HCV sequences of the no-template control were primer and adaptor sequences originating from the amplification and sequencing process.
The generated consensus sequence was compared with the 2aRlucNeo reference, and a 100% match was found in all samples, except for the 5-fg sample, in which 2 nucleotide differences were found in the assembled coding region. In all samples, partial 5= UTR and 3= UTR sequences were obtained, and these sequences had 100% identity to 2aRlucNeo (Table 1) . It was not possible to generate a consensus sequence from the NTC sample.
The frequency of the S282T substitution was consistent with the 10% S282T addition for the samples with 10 8 (500 pg) to 10 5 (500 fg) input RNA molecules per reaction (range, 9.7 to 11%), whereas the lower-RNA-input samples of 10 4 (50 fg) and 10 3 (5 fg) molecules per reaction had S282T detected at 14.6% and 5.9%, respectively.
Full-length HCV genome sequencing of HCV patient samples. The HCV genomes of 17 patient samples with genotype 1a, 1b, 2a, 2b, 2c, 2j, 3a, 3i, 4a, 4d, 5a, 6a, 6e, or 6j were successfully sequenced using the full-length HCV genome sequencing assay. The viral load ranged from 1 million to 23 million IU/ml, which corresponds to the in vitro-transcribed RNA samples with 10 6 and b Percent hits and hits per total number of reads of the drug-resistant NS5B mutation S282T, which was added at 10% in all dilutions. c NTC, no-template control.
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5 RNA molecules per reaction after taking dilution factors from RNA extraction and amplification into account. In 14 of the 17 patient samples, the consensus sequence spanned the complete coding region of 9,036 nucleotides relative to the H77 reference genome. A few bases at the end of NS5B lacked sufficient coverage in 3 of 17 samples, generating 99.3 to 100% of the coding sequence. The insufficient coverage was likely due to the difficulty of primer annealing in the 3= region due to RNA secondary structures. This was compounded by the difficulty associated with assembly through the poly(U/C) region in 3= UTR affecting the proximal NS5B 3= end. On average, 3.7 million reads were generated per sample, of which 14.6% of the reads aligned to HCV ( Table 2 ). The average coverage throughout the genome ranged from 684 to 20,734 reads per position and sample (Table 2 and Fig.  1B) . A drop in coverage was consistently seen in the end of the genome; in the 5=UTR, a drop of 50% was detected in most samples, whereas in the 3= UTR, a drop to zero reads was detected either before or after the poly(U) region for all samples (Fig. 1B) .
Background variation in the in vitro-transcribed RNA samples. The amount of background variation in the in vitro RNA transcript samples was investigated to calculate the error rate of the full-length HCV genome sequencing assay. Due to the clonal origin of the in vitro-transcribed RNA, the genetic variations in the generated sequence reads were likely due to amplification or sequencing errors, except the 10% addition of S282T in each sample. The average percent nucleotide variation per position was calculated for each sample (Table 3) . For the samples with 10 6 and 10
5
RNA input molecules per reaction, which corresponds to the RNA input from the patient samples, the average background variation was 0.21% (95% confidence interval [CI] 0.207, 0.213%). The nucleotide variation was plotted per position for each sample (see Fig. S1 in the supplemental material). The average nucleotide variation was similar in all samples; however, the maximum nucleotide variation detected for each sample was highest in the sample that had 10 3 input RNA molecules per reaction (Table 3 ; see also Fig. S1 ). For the in vitro-transcribed RNA samples, an increased level of nucleotide variation was detected in the end of NS5A, which was associated with a 10-fold decrease in coverage seen in all samples at this location (see Fig. S1 ). However, no statistical correlation was detected between coverage and level of variation (data not shown). Moreover, the specific decrease in coverage in the end of NS5A was not detected in the patient samples (Fig. 1B ). On the amino acid level, the samples with 10 6 and 10 5 RNA input molecules per reaction had an average variation of 0.31% (Fig. 2) .
Intrahost HCV nucleotide and amino acid variation. The high coverage across the HCV genome generated by the full-genome sequencing assay enabled an investigation of the genetic diversity within the viral population on both nucleotide and amino acid levels for each patient sample ( Fig. 2; the supplemental material). The average nucleotide variation in the patient samples was significantly higher (P ϭ 0.01) than the calculated background variation in the in vitro-transcribed RNA samples. Interestingly, the frequency and distribution of variation were substantially different between the patients, with patients F (genotype [GT]2c), N (GT6a), and P (GT6e) having the largest amount of nucleotide and amino acid variation and patients C (GT2a), K (GT4a), and Q (GT6j) having the smallest amount of variation ( Fig. 2 ; see also Fig. S2) . Importantly, the level of nucleotide variation detected in these patients was not significantly correlated with the viral load of the sample (P Ͼ 0.3). Moreover, nucleotide variation was not correlated with coverage, and no specific hot spots for nucleotide variation were detected in the patient samples. In contrast, amino acid variations were predominantly found in E1/E2 and the end of NS5A for all patients (see also Fig. S2 ). The regions with the least amino acid variation were the core and NS3. Presence of potential resistance-associated variants. The generation of full-length HCV genome sequences enabled an investigation of the presence of potential resistance-associated variations (RAVs) across tested common and rare subtypes. Eleven sites in the NS3 region, 9 sites in the NS5A region, and 26 sites in NS5B described in Materials and Methods were evaluated. No RAVs were detected for any of the samples at positions 43, 54, 55, 155, and 156 in NS3, positions 24, 28, 32, 38, 58, and 92 in NS5A, and positions 96, 142, 159, 282, 316, 320, 321, 390, 448, 452, 495, 496, and 559 in NS5B. Several RAVs were present at baseline and are listed in Tables 4 and 5 . The impact of these RAVs on novel NS3, NS5A, and NS5B inhibitors needs to be evaluated further. Importantly, the NS5B S282T substitution associated with resistance to sofosbuvir and mericitabine was not detected in any of the subtypes.
To assess the comparability between the full-genome sequencing assay and the standard NS5A and NS5B deep-sequencing assay, the amino acid frequencies in samples in which results from both assays were available were compared. An identical amino acid was detected at each RAV position, and the frequencies of the amino acids were comparable between the two assays. Phylogenetic analysis. To study the genotype diversity at different regions of the HCV genome and determine the genetic relationships between the 17 nearly full-length HCV sequences in relation to other publically available HCV genome sequences, neighbor-joining phylogenetic trees were inferred for the E1/E2, NS3/4A, NS5A, and NS5B regions (Fig. 3) . Analysis of the phylogenetic relationships showed that the sequences determined in this study were genetically similar to publically available sequences with the same subtype; however, the sequences were not genetically identical to each other or previously described sequences. Moreover, the phylogenetic analysis confirmed the HCV subtype classification, as assessed by NS5B sequencing of each patient sample for each genomic region. Furthermore, the genetic distance between the sequences was higher in the E1/E2 and NS5A regions than that in the NS3/4A and NS5B regions.
HCV-specific reads and unaligned reads. The number of reads aligning to HCV was lower in the patient samples than that in the in vitro RNA sample with 10 5 RNA molecules per reaction, despite a similar number of input RNA molecules in the patient samples. The HCV-specific reads in the patient samples ranged between 1.5% and 47% (Table 2) , whereas the in vitro-transcribed RNA sample had 71.8% of the reads aligning to the reference (Table 1) . To investigate the reason for this difference, we performed a BLAST analysis of 50,000 randomly selected unaligned reads from 6 samples. The taxonomic composition of the unaligned reads in the patient samples was 70 to 98% metazoan, 0 to 18% bacterial, 0.3 to 12% viral, and 2 to 16% unassigned sequences (no hit or low complexity). For the in vitro-transcribed RNA, the composition of the unaligned reads was 1% metazoan, 40% bacterial, 32% viral (HCV), and 27% unassigned sequences (no hit or low complexity) (see Fig. S3 in the supplemental material). The main difference in the composition of the unaligned reads between the patient samples and the in vitro-transcribed RNA was the increased human background in the patient samples. The viral sequences found among the 50,000 read sets were HCV reads with the same subtype as that of the corresponding sample.
DISCUSSION
HCV sequencing is used frequently during drug development to determine the substitutions associated with resistance to directacting antivirals (DAAs) in both in vitro selections and clinical trials. Moreover, during the development of pangenotypic HCV compounds, efficient sequencing strategies that are independent of HCV subtype or genotype are essential for resistance testing of rare subtypes. Sequencing of the complete HCV genome can give important information regarding genetic changes and potential drug resistance-associated mutations that might be present outside the target gene of the drug. In this study, we report the successful sequencing of complete HCV genomes from 17 patient samples with genotypes 1 to 6, including samples with subtypes that have limited sequence information, using a subtype-independent full-genome sequencing assay. In comparison to previously described methods for full-genome sequencing of HCV, using either traditional sequence-specific primers (9) (10) (11) (12) or RNA-Seq technology (14) , the full-genome sequencing method described here has the advantage of being subtype and genotype independent and having a significantly improved sensitivity compared to that of RNA-Seq. Furthermore, the highly variable E2 region, which previously was shown to be difficult to assemble due to sequence variability (14) , was successfully sequenced and assembled for all samples using the de novo assembly approach described here.
The accuracy of the generated full-genome consensus sequences was estimated to be Ͼ99%, based on results from the in vitro-transcribed HCV RNA samples. In addition, the ability to detect 10% S282T using the full-genome sequencing method was evaluated in the in vitro RNA transcript samples, as well the nucleotide background variation introduced during amplification and sequencing. The frequency of S282T detection was close to 10% in all samples, and the average background nucleotide variation was 0.21% in an in vitro-transcribed RNA sample with similar amount of input RNA molecules as that of a patient sample. These results suggest an increased ability to detect minor variants by this method compared to detection with standard population Sanger sequencing. A higher background nucleotide variation was seen in the in vitro-transcribed RNA sample, with the lowest number of input RNA molecules being 10 3 RNA molecules per reaction. This was expected, since amplification and sequencing errors are more pronounced in samples with a lower number of input molecules due to artifacts generated during amplification (22) . It is important to note that for viral infections, such as HCV, in which the plasma viral load is high (usual range, 10 5 to 10 7 IU/ml), this sequencing method is highly suitable due to the low background detected for the corresponding amount of input RNA molecules. However, for plasma samples with a lower viral load, the extraction might need to be modified to concentrate the RNA to obtain Ն10,000 RNA input molecules.
HCV is characterized by high genetic variability; a higher evolutionary rate has been described for E1/E2 and the NS5A gene compared to that of the rest of the HCV genome (3, 23) . In agreement with previous reports, the intergenotype genetic distance was greater in the E1/E2 and NS5A regions than that in the NS3/4A and NS5B regions, as shown by the phylogenetic analysis. In addition, intrahost genetic variability of the HCV quasispecies showed that amino acid changes were predominantly found in the E1/E2 and NS5A regions in most patients, independent of genotype. The increased variability at these regions may arise through specific selection mechanisms associated with immune escape, where the hypervariable region of the E2 envelope glycoprotein is targeted by neutralizing antibodies, and NS5A contains a high concentration of T-and B-cell epitopes (2, 24) . Due to selection pressures, regions targeted by the immune system or by antiviral drugs may require sequence changes for the virus to survive. Interestingly, the overall intrahost HCV nucleotide diversity varied greatly within the samples from the studied patients, and no specific patterns were observed in a comparison of common and rare subtypes. It is possible that high genetic variability in specific regions of the HCV genome are associated with lower treatment response due to an increased likelihood of the presence of preexisting resistance mutations at these locations. Further studies are needed to investigate if sequence diversity is linked to treatment outcome and which regions in the HCV genome might be involved.
Specific amino acids at positions in the NS3, NS5A, and NS5B
regions have been associated with drug resistance to DAAs. Investigation of such RAVs in different HCV subtypes and genotypes is of importance, since the presence of RAVs at baseline may affect treatment outcome. Extensive studies have been done in genotype 1 to investigate RAVs in response to treatment with DAAs; however, naturally occurring RAVs in rare subtypes have been studied in only a few reports (9, 25) . In this study, we investigated the amino acid composition at RAV positions in NS3, NS5A, and NS5B for the common and rare subtypes described here. We show that the composition of naturally occurring RAVs differs among subtypes, which is of interest, since their presence may impact resistance profiles. Further evaluations are needed to determine the susceptibilities of such RAVs to specific DAAs for each subtype.
The full-genome sequencing assay described in this report is based on random amplification, which can potentially remove the bias associated with sequence-specific primers used in standard sequencing methods to generate a more reliable view of the HCV quasispecies. Moreover, due to random amplification, potential infections by other agents or HCV coinfections could be studied by this method. This method is clinically relevant, since it can facilitate the sequencing of genes targeted by antiviral drugs for all HCV genotypes, including rare subtypes and intergenotypic HCV strains. It is especially relevant for sequencing HCV strains for which sequence information availability is limited for gene-specific primer design. The sequencing information generated can be used for selecting effective antiviral treatment and determining possible drug resistance development. However, it might not be feasible to use this method in a clinical setting because of the limited availability of tools for sequence data processing. Moreover, the higher cost associated with sequencing assays and the nonspecific amplification are limitations of the assay. Further evaluations are needed to determine the sensitivity of the assay.
Due to random amplification, the majority of the generated reads from the patient plasma samples originated from human RNA, which likely originated from human cells present in the plasma and/or human RNA colocalized in HCV virions isolated along with the HCV RNA during extraction. The metazoan sequences were assigned as human or primate sequences in which the primate sequences were most likely misclassified human sequences. The bacterial sequences were classified into different species of proteobacteria, and the origin of these bacterial sequences in the patient samples are unknown. Most likely, they originate from bacterial RNA/DNA present in reagents after production or contamination from the environment. We did not detect any evidence of other RNA virus coinfections in any of the tested patient samples, and the few HCV reads that were not aligning to the selected reference for each patient were composed of reads spanning both sense and antisense directions. Since the positioning of these reads in the alignment was ambiguous, they were removed from the analysis. This artifact was previously described by Malbeouf et al. (15) and likely arose in the NuGEN SPIA amplification step.
Taken together, 17 clinical HCV samples with genotypes 1 to 6 were successfully sequenced using a sequence-independent fulllength HCV genome sequencing assay. This method has the potential of facilitating the sequencing of any HCV clinical samples independent of genotype, subtype, or intergenotypic recombination and allowing greater insight into HCV evolution, genetic diversity, and drug resistance development.
